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Single crystals of Mn (SO.2%)-doped SnTe have been grown by the Bridgeman 
technique to study the effect of magnetic impurities on the electrical properties. 
Two types of crystals are grown from the melt, one with the stoichiometric ratio 
Sn/Te=0.50/0.50 and the other with Te-rich ratio 0.49/0.51, on the basis of 
Butler and Harman's results. Microscopical observations on the chemically etched 
surface of the crystals reveal that the later samples contain less metallic inclusions 
than the former ones. However, many crystal imperfections are seen in the 
Bridgeman-grown crystals, such as twins and grain boundaries throughout the 
ingots. The temperature dependence of the electrical resistivity in the undoped-
and Mn-doped SnTe shows a characteristic metallic behavior. The heat-treatment 
at 500°C for 48 hours under Sn vapor is found to be not so effective as to reduce 
the carrier concentrations, being of the order of 102°--1021cm-3, which are estimated 
from the Hall effect measurements. It is also found that the Hall mobilities of the 
Mn-doped crystals are a little smaller than those of the undoped crystals and 
they decrease linearly with the carrier concentrations. 
1. Introduction 
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Binary compounds from IV-VI groups, typically PbS, PbSe, PbTe, SnSe, SnTe, etc., 
have been known to possess the cubic rock salt or NaCI crystal structure and to 
become a semiconductor with narrow band gap. Some mixed systems of these compounds 
have been of current interest; the inversion of the valence and conduction bands with 
the composition and application to useful devices as long wavelength infrared detectors 
as well as lasers, as seen in Pb1-zSn:o Te and Pb1-zSnzSe. In a recent publication, 
Melngailis and Harman 1) have reviewed in detail the band structure of these mixed 
compounds, physical properties, crystal preparation techniques, and the fabrication and 
properties of intrinsic infrared detectors. 
Fundamental properties of the compounds have also been extensively investigated, 
such as about the Fermi surface by using galvanomagnetic, thermoelectric, Shubnikov-
de Haas, and de Haas-van Alphen measurements. For example, Allgaier and Houston2) 
have lately shown from the weak-field magnetoresistance effect that the Fermi surface 
of p-type SnTe consists of four prolate <111> valleys with three <100>-Oriented 
knobs protruding from each end of each valley. In their paper are well accumulated 
a number of references reported up to date. 
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Furthermore, there have been a tremendous number of works on the problem of 
magnetic impurities dissolved in various host lattices, metals and semiconductors. Some 
of these studies for IV-VI semiconductors are as follows; transport and magnetization 
measurements on SnTe-MnTe,3-5> SnTe-EuTe,5> GeTe-MnTe,&> and electron paramag-
netic resonance on Mn in PbTe,71 in PbS, PbSe, and PbTe as well as Eu in PbSe.8) 
For further understanding of these problems, we have studied the Mn-doped SnTe 
crystals. As a part of our projects, this paper is concerned with the preliminary results 
on synthesis of the crystals and on the transport measurements for both as-grown and 
annealed samples. The EPR measurements for these samples are now in progress by 
using a commercial X-band spectrometer. Preliminary data for them are described in 
another article.B) As mentioned later, we have realized that the crystal growth of SnTe 
with good quality (large single crystal and effective doping of Mn) is more difficult than 
expected earlier. The detailed examination of material's preparation by Butler and 
Harman is illuminating in the present studies. 
2. Experimental 
Crystal growth 
Single crystals of IV-VI semiconductors have been grown by the Bridgeman technique, 
a closed-tube vapor-growth, and the Czochralski techniqueY In our laboratory, the 
Bridgeman technique is used. Starting materials used were elemental tin (nominal 
purity of five-nine), tellurium (five-nine), and manganese (four-nine), commercially 
abailable (Wako Pure Chemical). After weighing them in a desired ratio by a precision 
automatic balance, these materials were charged into an ampoule in a form of as-
received. The as-received Te of a lump form was found to cause a number of bubbles 
or holes in the grown ingot and on the surface. More finely powdered Te was profit-
able. In the present experiment, two types of the crystals with different Sn/Te ratios 
were prepared, one with the stoichiometric proportion or 0.50/0.50 and the other with 
0.49/0.51 or excess Te, which was based on the Butler and Harman's conclusion.lOl 
They have shown that the crystals with 0.49/0.51 are free of bulk metallic inclusions 
and cellular substructure. 
The ampoule was made of a transparent quartz tube, typically 8 mm i. d. and 7 em long, 
tapered to a point at the bottom. The inner wall of the ampoule was carbon-coated 
by pyrolysis of aceton, and was well baked in vacua at an elevated temperature by an 
hydrogen and oxygen burner. After the ampoule was loaded, it was evacuated with a 
high vacuum system up to around 10-5 Torr and sealed. It was then suspended in a 
furnace. A typical temperature profile is shown in Fig. 1. The melting point of SnTe 
is about 805°C,u1 For the first half of the test runs grown so far (see Table I), the 
ampoule was heated up to 850°C and then was lowered out of the high temperature 
region of the vertical furnace at a rate of 10, 7, and 6 mm/hr. Even the 6 mm/hr rate 
seems to be too fast, when we compare with the rate of 10 mm/ day by Butler and 
Harman, who have discussed the mechanism of constitutional supercooling. We will 
discuss our results later. The heating condition was changed for the later test runs 
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to attain a good mixing of the elements, 10 ...----r--r--~-r--~-r___r____,r___r___, 
in particular for the magnetic impurity of 
Mn (melting point-1 ,240°C) ; the ampoule 
was heated for about two hours at 1,100 
°C and the temperature of the furnace 
was lowered to 860-870°C at which a 
lowering apparatus was switched on. 
I mpurity doPing 
Our primary interest is concerned with 
the effect of magnetic impurity on the 
transport properties and the spin reso-
nance. Hence the effective doping of Mn 
atoms in the crystal is important. One 
can easily think of the following doping 
method in the Bridgeman technique; (1) 
direct melting of the elemental Mn metal, 
(2) in another form of Mn such as MnTe, 
and (3) Sn-Mn alloy, where both MnTe12) 
(NiAs structure) and MnSn213) (body-cen-
tered tetragonal structure of CuAh type) 
are known to be antiferromagnetic with 
a Neel temperature of 320 K. Further-
more, the Mn atoms can be possibly dif-
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Fig. 1. Temp"rature profile of the Bridgeman 
furnace used. 
fused into the host at high temperature from the surface of undoped SnTe; the Mn 
metal can be deposited on the surface either by (4) vacuum-evaporation or (5) by 
electrochemical reaction or electroplating prior to the diffusion process. 
We have attempted to employ the method (1), (2), and (5). MnTe was prepared by 
direct melting of the elements in the same Bridgeman furnace at 1, 10QoC. An attempt 
of doping Mn atoms by diffusion process was made for only one sample as follows: A 
slice of the as-grown crystal is held by a tantalum electrode, biased anodically, and is 
dipped in a dilute solution of MnSO<l: 4-6H20 or MnCI2: 4H20, the cathod being a Ta 
plate. Then Mn is electroplated with current 40-50 rnA for 1-2 min. The sample is 
thoroughly rinsed in distilled water and subjected to a heat-treatment. The diffusion 
method is not, however, convenient since the Mn concentration in the sample is not 
determined precisely. Most of Mn-doped SnTe were here produced by the method (1) 
and (2), as tabulated in Table I. It is not certain whether the method (1) or (2) is more 
effective. 
Heat-treatment and sample preparation 
As in the case of II-VI semiconductors, excess metals or chalcogenides in IV-VI 
semiconductors are known to play an important role for the electrical properties. The 
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isothermal annealing or heat-treatment of the as-grown crystal must be made to reduce 
the carrier concentration, in particular for fabrication of the infrared devicesY It is 
also necessary for the present purpose. In the as-grown crystals Mn atoms may locate 
at an interstitial site, whereas after isothermal annealing and quenching the Mn atoms 
may locate at a substitutional position in the host lattices. This is simply supposed 
when one compares the divalent ionic radii of Sn2+ (0.93 A), Mn2+ (0.80 A), and Te2-
(2.11 AJ. In this work, the procedure was performed as in the following way. 
The as-grown ingot was fixed on a copper plate by pencil-carbon powder with 
cemedine (commercial adhasive) or by silver paint, and was sliced in kerosene oil by 
a wire spark-cutting machine. For the electrical measurements it was further cut into 
a parallel piped shape, typically of 1 x 1 X 7mm 3, while for the EPR studies the slice or 
wafer was powdered after annealing. The parallelpiped crystal was then polished with 
lapping powder (3,000 mesh). The specimens were etched first in a dilute HCI solution 
and next in a saturated NaOH solution, while Butler and Harman used a more complex 
mixture (20 g KOH, 45mB H20, 35mB glycerole, and 20 me ethanole).lO) Our etching was 
simple and effective enough to clean and 
to observe microscopically the surface. 
Finally, the specimens were sealed in a 
small quartz ampoule (7 mm i. d.) with a 
small amount of Sn metal, and in some 
cases were sealed in without the metal. 
The heat-treatment was made at 500°C 
for 48 hours and quenched into water. 
For the electrical measurements, ind-
ium metal was soldered directly to the 
sample without a flux, and good ohmic 
contacts were obtained. Thoughout this 
study the samples were all unoriented. 
The conventional dc potentiometric me-
thod was used with mostly the four-
terminal method and quite a few samples 
with the two-terminal method. Fig. 2 
shows the cryostat used for the temper-
ature dependence of the resistivity. For 
convenience, a soft metal (fuse) O-ring 
was used. Temperature was lowered by 
controlling the liquid N2 and by evacua-
tion. Helium gas was filled in the cavity 
to attain good thermal equilibrium with 
the samples. 
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Fig. 2. Cryostat for the temperature depend-
ence of the electrical resistivity. Helium 
gas is filled in the sample cavity, 
shielded by a soft-metal O-ring. 
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3. Results and Discussions 
3- 1 Microscopic observation 
The growth conditions of SnTe crystals by the Bridgeman technique so far prepared 
are listed in Table I. Figs. 3 (A)-{J) show some examples of microscopic obs rvation 
made on the etched surface or cleaved surface of a few crystals (see Table I). These 
features are quite similar to those reported by Butler and Harman10 ) for Pb1_XSnx Te 
single crystals; the presence of metallic inclusions and cellular substructure. Differences 
in the growth conditions between ours and theirs are (a ) the lowering rate of an ampoule, 
6----10mm/ hour against 10mm/ hour, and (b) the size of the ingot, ......... 1.5 cm long and 0.8 cm 
(D) Ml0 
(8) M 6 (E) Ml0 
(c) M 6 (F) M12 
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Fig. 3. Photomicrographs of the chemically etched surface or cleaved surface of the Bridgeman-
grown SnTe. The growth conditions of each sample (A)-(J) are listed in Table I. Metallic 
inclusions are seen in the crystals with the ratio Sn/ Te = 0.50/ 0.50, whereas the crystals 
with Te-rich or Sn/ T e=0.49/ 0.51 are free of inclusions. However. cellular substructures 
or grain boundaries are present in almost all crystals. (Magnification is all equal.) 
Table I. Summary of the growth condition of SnTe crystals by the Bridgeman technique. 
Sample code Mn Sn/ T e Furnace * 1 Lowering 
1 
Doping 
No. (%) ratio Temperature rate m ethod (D C ) (mm/ hr) 
M 1- ST undoped 0.50/ 0 .50 850 10 
M 2- 0.01 0.50/ 0.50 850 10 Mn metal 
M 3- 0.02 0.50/ 0.50 850 10 Mn metal 
M 4- 0.02 0.50/ 0.50 850 10 Mn metal 
M 5- 0.01 0.50/ 0 .50 850 7 Mn metal 
M 6- 0.03 0.50/ 0.50 850 6 Mn metal 
M 7- 0.05 0.50/ 0.50 850 6 Mn metal 
M 8- 0.08 0.50/ 0.50 850 6 Mn metal 
M 9- 0.1 0.50/ 0.50 850 6 Mn metal 
MlO - 0.2 0.50/ 0.50 870 7 Mn metal 
Mll - 0.1 0.50/ 0.50 860 6 MnTe** 
M12- 0.1 0.49/ 0.51 870 6 MnTe** 
M13- 0.1 0.49/ 0.51 860 6 MnTe** 
M14- 0.05 0.49/ 0.51 860 6 MnTe** 
M15- undoped 0.49/ 0.51 860 6 
*) The samples MlO---M15 were at first heated at 1, 100DC for about two hours to attain good 
mixing of the materials and were grown at the temperature indicated. 
**) MnTe was synthesized by the same Bridgeman technique at 1, 100 DC. 
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in diameter against 15 em long and 2.5 em in diameter, while the temperature profile of 
the furnace used is nearly same. The present results are summarized as follows. 
(1) Use of the as-reveived Te, in a form of lump, gives rise to a number of holes or 
bubbles in the grown ingots, circular (Fig. 3 (A)) or deformed (Fig. 3 (C)). After grinding 
of the as-reveived Te more finely, no bubbles are seen in the ingots, though there are 
still bubbles on the surface of the ingot. These bubbles are produced mainly by the 
porous raw material of Te. 
(2) The presence of bulk metallic inclusions are observed in the crystals with the 
stoichiometric ratio Sn/Te=O. 50/0. 50, as in the case of Pb1_.1:Snx Te by Butler and 
Harman; the size of the inclusions is of the same magnitude (Fig. 3 (D) and (E)) as 
theirs, where the inclusions are reported to range from a few microns to over O.lmm 
in diameter. 
(8) Almost all the crystals grown with the Te-rich ratio, Sn/Te=0.49/0.51, which is 
based on their results, are confirmed to be free of the metallic inclusions (Fig. 3 (F)-
(J)). 
(4) However, there exist at all times many cellular substructures or grain boundaries 
in the interior of the grown crystals, as seen on the etched or cleaved surface (Fig. 3 
(B), (F), (G), and (I)). The samples are not good single crystal but rather polycrystalline, 
and thus the transport measurement has been made on the unoriented crystal. Ditailed 
discussions by them10) have indicated that the bulk metallic inclusions and cellular 
substructure are due to constitutional supercooling during the crystal growth. The 
growth rate in this study seems to be too fast to prevent these crystal imperfections. 
The size of the ampoule may also be responsible for supercooling, since the temper-
ature gradient along, in particular the radial direction of the melt is larger when the 
size is smaller. The crystal growth conditions are still under investigation. 
(5) Finally, at least microscopical examination has revealed no presence of metallic 
manganese doped in the melt. As described later, however, there appears to some 
extent an impurity distribution from the first-t~freeze end to the last-t~freeze end 
of the Mn-doped crystal. 
3-2 Electrical properties 
In the course of the present research, we are interested in the interaction between 
free carriers and magnetic impurities in the transport properties. At present, no 
remarkable effects have been obtained in the Bridgeman-grown, Mn-doped SnTe. The 
temperature dependence of resistivity is shown for several samples in Fig. 4, where 
the approximate positions of the samples cut from the grown ingot are demonstrated 
alphabetically. The last index T of the sample code number indicates the annealed 
crystals, otherwise the as-grown crystals. The resistivity measured by the four-terminal 
method decreases with lowering temperature in both the undoped and Mn -doped cry-
stals, showing a characteristic metallic behavior but no maxima nor minima. These 
features are in agreement with other data for SnO.91-.1:Mn.1: Te by Mathur et a1.5) and 
for Pb1_.1:Sn.1:Se by Hoff and Dixon.H ) Though not conclusive, two particular curves in 
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the resitivity vs temperature are ob-
tained for the sample MID-B-I-T 
(Mn: 0.2%) and Mll-B-3-T (Mn: 0.1%), 
which show maxima at near 250 and 220 
K, respectively. Only these two samples, 
both annealed, were measured by the 
two-terminal method, in which the both 
ends of the sample were used as the 
current and resistance terminals, sim-
ply because the original bar (--7 11t11t long) 
was broken carelessly into two parts 
(--4 11t11t long). The samples measured by 
the four-terminal method do not show 
any maxima, even for the Mn-doped 
samples. It is doubtful whether the re-
sistivity maximum is true or not. The 
appearance of maximum may possibly 
be due to the contact resistance be-
tween the sample and the leads. 
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Fig. 4. 
MII-Bl'T 
Resistivity vs temperature for the samples 
grown with the condition listed in Table I. 
The test sample is sliced approximately 
from the position of the ingot as indicated 
alphabetically, where the sample with index 
T is annealed at 500 0 e for 48 hours under 
Sn vapor, otherwise as-grown crystal. Only 
two samples M10-B-1-T and Mll-B-3-T 
show maxima, which may be due to the 
contact resistance. 
Table II shows the results of the Hall effect measurements at 300 and 77 K; resistivity 
P, carrier (hole) concentration P (=1/eRH), and Hall mobility J1. (=RH/p). All the samples 
are found to be p-type from the Hall effect and polarity of the thermo-electromotive 
force. These values are compared with others, as shown in Fig. 5, where the compiled 
data of the undoped SnTe by Allgaier and Houston2l are indicated by the dotted lines 
at 295 and 77 K. Our observed values are demonstrated by circles, triangles, and 
Table II. The observed values of resistivity p (XlO-4ohm-cm), carrier concentration p 
CX102°cm-S), and Hall mobility p. (cm2/V sec) at 300 and 77 K. 
300K 77K 
Mn Sample code p p C%) No.* p p. p p. 
undoped M1S-A-1-T 1.22 6.6 78 0.46 7.8 174 
0.05 M14-C-2-T 1.36 8.5 55 0.51 8.S 145 
Mll-B-3-T** 8--11 --2.5 ........ 21 8 ........ 13 ........ 4 -----11 
M12-A-1-T 1.36 2.5 180 0.50 3.8 320 
0.1 M12-A-2 1.30 1.9 250 0.51 3.4 360 
M13-C-1-V 1.38 11.1 41 0.63 10.8 91 
M13-E-2-T 1.46 5.2 82 0.58 7.0 154 
0.2 M10- B -l-T** 1 6--10 I --s 
*) The last index T or V means the annealed samples at 500 0 e for 48 hours under Sn 
vapor or vacuum, respectively, and otherwise the as-grown sample. 
**) The resistivity was measured by the two-terminal method, otherwise by the four-
terminal method. 
crosses. It is to be noted that, except 
the samples which show maxima in the 
resistivity vs temperature curve, the 
observed values are nearly in good 
agreement with others, in particular 
for the undoped sample (Ml5-A-I-T). 
The Mn-doped crystals have a little 
smaller Hall mobility than those of the 
undoped crystals. The Hall mobility of 
Sn Te is seen to depend on the hole 
concentration, as is well established 
now. The two particular samples, show-
ing a resistivity maximum, on the 
other hand, have exceptionally small 
values of /1.. This may be due to the 
contact resistance, as noted above. 
From the present Hall effect meas-
urments, the electrical properties of 
the undoped- and Mn-doped SnTe are 
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Fig. 5. Hall mobility p. vs carrier concentration p 
for undoped-and Mn-doped SnTe at 300 and 
77 K (see Table II). Dotted lines show data 
of Allgaier and Houston2> at 295 and 77 K. 
The crosses indicate the values of the par-
ticular samples MIO-B-I-T and Mll-B-3-
T (see text). 
summarized as follows, together with the resistivity data (Fig. 4). 
(1) The samples have a characteristic metallic behavior in the temperature dependence 
of resistivity above liquid nitrogen temperatures, except two particular samples which 
show maxima at around 220 - 250 K. These particular samples are exceptionally high-
resistive and have low Hall mobility compared with other samples. 
(2) Though not conclusive, there is a tendency that the resistivity of the Mn-doped 
SnTe increases with the increase of Mn concentration and also the Hall mobility 
becomes smaller with Mn concentration, as seen in Fig. 5. But these must be further 
confirmed more in detail, since the observed Hall mobility is determined by carrier 
density and frequently by lattice imperfections as well. The present samples used are 
not good single crystalline but rather polycrystalline, including a number of grain 
boundaries. These imperfections have been known to cause a reduction of Hall 
mobility, as seen in II-VI15l and III-Vl6l semiconductors. 
(3) So far as the electrical properties are concerned, the heat-treatment of the undoped 
and Mn-doped SnTe at 5000 e for 48 hours under Sn vapor or in vacuum is found to 
be ineffective; there have been no differences in the values of resistivity P, carrier 
concentration p, and Hall mobility /1. between the as-grown and the annealed crystals. 
Particularly the annealing hours have not been sufficient enough to decrease the carrier 
concentration. As will be reported in another paper9l, however, even under this an-
nealing condition it has been found that the X -band EPR signals appear solely in the 
annealed crystals but not in the as-grown crystals. More detailed studies will be 
reported later, on the crystal growth, effective annealing, doping Mn atoms, and 
galvanomagnetic measurements for the undoped- and Mn-doped SnTe crystals. 
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